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Introduction
Actuators are available in a wide range of forms and convert stored energy into useful mechanical motion which allows the actuated object to interact with the environment [1] . Traditionally mechanical design has employed a limited number of actuator technologies, they include: combustion systems, hydraulic power, pneumatic power and electric motors. Even though, traditional actuation systems have seen success in conventional robotic applications, they possess technical limitations which hinder the development of robots that can be applied to or used in rehabilitation therapy and other nontraditional robotic fields. There are other issues with traditional actuators which limit their application. Burning of fuels in combustion systems is not friendly to the environment, hydraulic system has high mass and there is difficultly sealing them which can lead to liquid leakage. Pneumatic power is generally only suited to lower precision systems and electric motors have a low power to weight ratios (typically 10-500W/Kg [2] ) and the need for massive transmission systems lowers this yet further.
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humans. This means that new actuators must continue to provide controlled motion, high power to weight and volume ratios and be highly portable but they must also be safe for humans operating in close proximity. In order to achieve this, novel actuators are being developed, such as shape memory alloy wires (SMA) and fishing line actuators.
With SMA actuators, as the material is heated it causes an axial shortening, however, when the material cools it returns to its original length [3] . Despite providing high power-to-weight ratio [4] , the actuator has low bandwidths due to the slow cooling of the material although this can be improved by the use of forced cooling. The percentage contraction of SMA is also small. SMA is often used in bundles [5] of parallel wires which can produce greater forces without increasing the time required for individual wires to cool.
A new polymer artificial muscle made of commercial fishing line has recently been developed, the polymer is twisted then coiled to form the so-called fishing line actuator [6] . Fishing line actuators exceed the performance of mammalian skeletal muscle to deliver millions of reversible contractions of over 20%, this is considerably higher than SMA is able to achieve. The other benefits of fishing line actuators is low material cost and hysteresis which is much smaller than for SMA [6] [7] [8] [9] [10] [11] . Fishing line actuators have been used as novel actuators in a range of applications [12] [13] [14] .
However, the strength of fishing line actuators is low, and they can be damaged easily when in use. Zhang et al [15] used a syntactic foam composite to reinforce the fishing line artificial muscle; however, the method is highly complicated due to the fabrication process, which is not suitable for practical application. Furthermore, another disadvantage of fishing line actuators is that they can't be driven directly through the application of a voltage because a fishing line is not an electrical conductor. Instead these actuators are driven by exposure to hot and cool water or hot and cool air which changes the temperature of fishing line [6] . The work presented in this paper proposes a novel actuator made of a composite of SMA and fishing line (SMA-fishing-line). The strength of the new actuator is higher compared with the fishing line based muscles and the stroke is much larger compared to SMA actuators under the same conditions. Additionally the new actuator can be heated directly via application of a drive voltage making it easier to control than a basic fishing line actuator.
From the view of bionics, almost every single joint in a human is actuated by an agonist muscle and an antagonist muscle, e.g. the elbow joint and ankle joint [16] . When the joint is moving, the agonist muscle produces a contraction force while the antagonist muscle produces a resistance. Antagonistic joints can generate movement by adjusting the output force of both muscles. Using the novel SMA-fishing-line actuator antagonistically reduces the requirement to wait for the actuator to cool as extension of the actuator is caused by contraction of the antagonist.
The novel SMA-fishing-line actuator possesses relatively high hysteresis characteristics compared to a basic fishing line actuator. In order to precisely control an antagonistic bionic joint actuated by SMA-fishing-lines this hysteresis should be compensated for sufficiently. Due to friction in the internal structure of their materials hysteresis problems exists widely in artificial muscle actuators. The hysteresis problem in artificial muscle actuators has been well studied, and there are mainly two kinds of hysteresis modeling approaches: physical mechanism based and phenomenon based approaches. Phenomenon based approaches have attracted most researchers' attention, due to the rapid development of computer technology. Phenomenon based approaches mainly includes BW (Bouc-Wen) models, PI (Prandtl-Ishlinskii) models, Preisach models and polynomial approximation models [17] . The Preisach model is a generalized hysteresis phenomenon model, which can give a comprehensive description of a hysteresis characteristic [18] , however, it needs many operators. Most hysteresis modeling methods describe symmetric hysteresis behaviors, which are relatively simple, however, they can't describe asymmetric hysteresis behavior comprehensively. Even though advanced hysteresis models have been employed in [19] [20] , they still cannot represent complex hysteresis precisely [21] . The hysteresis characteristic of all actuators is in fact asymmetric with the difference being in the asymmetrical level [22] [23] . Song et al [24] used a BW model to characterize asymmetric hysteresis by adjusting the symmetry of the model and a modified version A c c e p t e d M a n u s c r i p t of the traditional P-I model is presented in [25] [26] . In [27] , an extended unparallel P-I model (EUPI) is proposed, which is shown to be more flexible. This paper proposes, for the first time, a novel SMA-fishing-line actuator which is a composite made of both SMA and fishing line. In comparison with SMA, the stroke of the SMA-fishing-line actuator is found to be higher. The output force of the SMA-fishing-line actuator is also higher than for a basic fishing line actuator. The new actuator can be driven directly by voltage making it easier to control than a basic fishing line actuator. A hysteresis model of an antagonistic bionic joint driven by SMA-fishing-lines is established through EUPI, and based on this accurate hysteresis mosdel a composite PID controller is proposed. In addition the paper proposes a Joule heat model of the SMA-fishing-line actuator. Through simulation and experimental verification the composite PID controller is shown to have better control results than a traditional PID controller.
In the first section of the paper, the novel artificial muscle (SMA-fishing-line) is described and its performance is investigated. In the second section, an antagonistic bionic joint driven by two SMA-fishing-lines is presented and its hysteresis characteristic are established. In the third section, based on this accurate hysteresis model, a composite PID controller is designed and assessed.
SMA-fishing-line
The novel SMA-fishing-line actuator, is made of shape memory alloy wires (SMA) and commercial fishing line. Commercial fishing line is made from high-strength polymer fibers, is readily available, inexpensive and operates up to 120℃. SMA is made from NiTi alloy, which is twisted with the fishing line then coiled together to form the SMA-fishing-line actuator. The new actuator has been designed in order to possess both the advantages of SMA and fishing line based actuators and attempt to conquer their disadvantages.
Fabrication
The fabrication process is relatively simple. A schematic diagram of the fabrication setup is shown in figure 1 , it consists of a fixed support, rotary motor, a counterweight, SMA wire (black) and fishing line (green). The SMA and fishing line are straight filaments before they are fabricated, whose original diameters are 0.14mm and 0.52mm respectively. The ends of the SMA and fishing line are tied onto a hook mounted to the shaft of the rotary motor. The rotary motor applies torque to twist the SMA and fishing line, and the counterweight ensures the muscle remains vertical during construction. The counterweight is very important and should neither be too heavy nor too light. If too light, fibers of the muscle will be coiled incorrectly and if it is too heavy fibers will be broken. Angular speed of the rotary motor is also very important, if too fast, it will break the muscle. Through trial and errors, the suitable counterweight and angular speed were found to be 460g and 2022 rad/min respectively. The completed SMA-fishing-line actuator is shown in Figure 2 , the green coiled material is the fishing line and the black coiled material is SMA. The diameter of this SMA-fishing-line is 1.5 mm, its length is 100mm, and its electrical resistance is 38ohms. A c c e p t e d M a n u s c r i p t
Output force test
To verify the output force characteristic of the SMA-fishing-line actuator, the total length was kept constant and the relationship between output force and drive voltage was determined experimentally. In order to compare the output force of the basic fishing line actuator and the new SMA-fishing-line actuator they were both tested in the same conditions. This meant a basic fishing line actuator needed to be fabricated which is heated by SMA, however, in this actuator the SMA only provides heat to the fishing line, it does not contribute to the force generated by the actuator. The fishing line actuator heated by SMA is shown in figure 3 , the SMA is located in the middle of the coiled fishing line to make sure that it is heated evenly.
The experimental set-up diagram and the test results achieved are shown in figure 4(a) and figure 4(b) respectively. The hardware used to measure the actuator's output force consisted of a sample actuator (Diameter:1.5mm, length:100mm), a control board connected to a drive circuit whose output connects to and provides power to the actuator and a dynamometer for collecting tensile force data generated by the actuator. During experiments the drive voltage was gradually increased, the length of the muscle remained unchanged and output force was recorded through the dynamometer. The maximum voltage in use for this test was 7.4V in order not to make the temperature of SMA-fishing-line too high which would lead to its failure. Firstly the SMA-fishing-line actuator was tested, and the applied voltage spanned from 2.4V to 7.4V, with increasing increments of 0.5V. The same test was then performed on the basic fishing line actuator. The isometric test results are shown in figure 4(b). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
Load and displacement of SMA-fishing-line
The load and displacement of the SMA-fishing-line actuator under different drive voltages is presented in the following section. The experimental set-up diagram and test results diagram are shown in figure 5(a) and (b) respectively. The experimental system consisted of a single actuator, a OADM2016441/S14F Laser sensor made by Baumer, a control unit and a series of weights. During experimentation, a set of weights of increasing magnitude were attached to the end of the SMA-fishing-line actuator. The set of weights spans from 0.05Kg to 0.3Kg, with an increment of 0.05Kg. In the experiment the drive voltage for the SMA-fishing-line actuator spans from 0V to 4V, with an increment of 2V. Each subset was repeated five times, and mean values were calculated.
(a) (b) Figure 5 Relationship of output displacement-driving voltage test (a) devices (b) test results From figure 4(b), for a drive voltage of 7.4V the output force of the SMA-fishing-line actuator reached 2.65N. For isometric testing this is higher than for the basic fishing line actuator which produced just 2.1N. From figure 5(b), the maximum percentage contraction for the SMA-fishing-line actuator under 4V and a 3N load can be seen to be 7.53%. Testing of the basic fishing line actuator under the same conditions resulted in a measured contraction of just 4% [5] . Thus, the overall performance of SMA-fishing-line actuator is improved in contrast with both SMA actuators and basic fishing line actuators.
Hysteresis Modeling and Analysis of Antagonistic Bionic Joint Driven by SMA-fishing-lines
In contrast with a traditional motor drive systems, an antagonistic structure is relatively simple and highly flexible. This structure allows actuators which provide just a contractile force to drive a joint in both flexion and extension. This however, requires that each joint be driven by two actuators. The use of two actuators amplifies the effect of any hysteresis and to investigate this an antagonistic bionic joint driven by SMA-fishing-lines was designed as shown in figure 6 . The original length of each SMA-fishing-line actuator is 100mm. For simplicity, only one SMA-fishing-line is actuated in this experiment and the other acts like a spring, the maximum displacement of the end of the link that can be achieved is 6mm. Figure 6 Antagonistic bionic joint
The hysteresis of this structure was determined by analyzing the displacement of the actuator as the driving voltage was varied. In this section, the hysteresis characteristic of the actuator is obtained experimentally and then a flexible hysteresis model using EUPI is presented. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
Hysteresis characteristic experiment
The experimental test rig used, is shown in figure 7 , it consisted of one antagonistic bionic joint, a laser displacement sensor, an NI DAQ card (PCI 6221 16-bit A/D converter) connecting to MATLAB to collect position data and the drive circuit connecting with output of NI DAQ card to supply the control signals to the actuator. The two signals shown in figure 8 were applied to the antagonistic SMA-fishing-line actuator system (as shown in figure 6) , respectively, the input-output relations of the system was obtained and is shown in figure 9 . Only positive voltages were applied to the SMA-fishing-line. The experiment is performed under quasi-static conditions. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Figure 9 (a) and (b) show the hysteresis curves under the corresponding drive signal of figure 8 (a) and (b) respectively. It shows that the hysteresis of the SMA-fishing-line actuator is very obvious. In the work of Haines et al [6] the hysteresis of the basic fishing line actuator was not obvious, however, SMA possesses a more serious hysteresis, and thus, it can be deduced that the hysteresis observed in the new actuator is mainly caused by the SMA and the friction between the fishing line and SMA. To allow the new actuator to be controllable it is vital that an accurate hysteresis model be developed.
Hysteresis modeling
The Preisach model is universal for describing hysteretic phenomena [28] , but it sometimes needs a large amount of operators, such as in [29] , which need more than ten thousand operators to achieve a satisfactory approximation. As an alternative, a classical PI model was developed and has been widely adopted for its convenient description and efficiency [30] , however, symmetric descriptions are not suitable where hysteresis behavior is complex [31] .
In order to describe the hysteresis characteristic of an antagonistic bionic joint driven by SMA-fishing-lines, a hysteresis model is established which is based on the literature [27] and which can describe a large range of asymmetric hysteresis phenomena. The model is described in (1), and is based on the UPI model and the descending edge is tilted by multiplying by a factor . 
Where Γ CPI [u](k) and Γ UPI [u](k) represents the CPI symmetric portion and UPI asymmetric portion respectively; P[u](k) is the polynomial portion; N r and N a are the number of the dead zones; p 0 is an offset associated with the hysteresis loops working range. G is for amplifying the input, u(k). v i , w ij and x i are gains in accordance with the CPI, UPI and polynomial operators respectively. The estimation procedures were conducted utilizing a constrained least squares method, and the identification results and modeling error are shown in figure 10(a) and figure 10(b) respectively. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t (a) (b) Figure 10 Hysteresis modeling (a) input-output relationship modeling using EUPI model, (b) modeling error From figure 10 , the hysteresis of the antagonistic bionic joint driven by SMA-fishing-lines can be described by the EUPI model. In order to investigate the modeling accuracy, the following equation is expressed in (3) 
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where e r is the error ratio of the model; e max is the maxim error on the whole work range; Wr respects the whole work range. After calculation, the error ratio of the EUPI model was determined to be 6.3%, which indicates the modeling performance which can be described using the EUPI modeling method.
Joule heat model of SMA-fishing-line
For the new SMA-fishing-line actuator, all the heat required to contract the fishing line comes from the application of an electrical current to the SMA wire. Assuming J(t) is the heat produced by the SMA, and the surrounding environmental temperature is T 0 , then the temperature of the SMA-fishing-line actuator T(t) is expressed as follows,
where K 1 ，K 2 are positive model parameters, which are identified through experimentation; R SMA is the electrical resistance of the SMA, which was measured and found to be 38ohm. When the voltage applied to the SMA-fishing-line actuator is controlled so its temperature is varied. So taking U 2 (t) as the input, equation (4) can be modified as follows (5).
Using Laplace transforms, (5) can be expressed as (6),
Using the experimental test rig shown in figure 7 a driving voltage was applied to the SMA-fishing-line and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t input voltage vs displacement data was obtained, as seen in figure 11 . 
From figure 12 it can be seen that that modelled data matches the experimental data with a reasonable degree of accuracy, the maximum error for the Joule heat model was determined to be 0.510mm. Therefore equation (6) can reliably be used to characterize the behavior of the new SMA-fishing-line actuator.
Inverse compensators controller design and experiment verification
A hysteresis inverse compensation control strategy can decrease or eliminate the influence of hysteresis characteristics. Most of the inverse compensation controllers are designed based on an inverse model of the hysteresis behavior [33] . For the integral inverse (I-I) scheme, inverse compensation controllers can easily be obtained through the production of a forward model. Based on this a hysteresis compensator has been designed using an integral inverse (I-I) compensation strategy, this has been combined with a PID control strategy allowing a closed-loop control scheme for the SMA-fishing-line actuator to be implemented. In order to verify the hysteresis compensation effect, closed loop control tests of the SMA-fishing-line actuator were performed. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
Inverse compensators controller design
In order to make good use of the accurate hysteresis model, a composite PID controller was designed, which consisted of a PID and I-I compensator. The I-I compensator is adjusted by modifying the integral, which contains a tunable parameter of the inverse scheme, K, and an integrator ʃ. K should be neither too high nor too low, if too high this will lead to high amounts of overshoot, if too low it will affect the compensation effect [29] . The optimal value of K is selected through experimentation. The control block diagram is shown in figure 13 and allows an antagonistic bionic joint driven by SMA-fishing-lines to be controlled using composite PID. As seen in figure 13 , the output of the I-I compensator u 2(t) is added to the output signal of the PID controller u 1(t) to form the input drive voltage signal u 3(t) . To investigate the control effect of the composite PID controller, a PID controller and composite PID controller were applied to control a simulated antagonistic bionic joint for the purpose of comparison. The Joule heat model of the SMA-fishing-line actuator was used to model the actuator and MATLAB was used to perform the simulations. A sine signal sin(3π/10*t+π/2)+1.5 and a step signal of 2.5 amplitude were applied as the reference signal, respectively. Through Ziegler-Nichols theorem, the control parameters of the PID and composite PID were adjusted, and the optimum values were found to be the same in both instances, namely, proportion equal to 35, integral equal to 20, and derivative equal to 0. The tunable parameter of the inverse scheme, K, was set 10. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 From figure14 and 15 it can be seen that the control effect of the composite PID is better than for the traditional PID controller. In order to further compare these two controllers, a criterion used for evaluating the overall control accuracy was introduced using the following function:
where e mean is the mean error ratio of the model; y d (k) and y(k) are the desired displacement and actual output displacement at time k, respectively and N is the total sample time number. After calculation the value of e mean for the composite PID when tracking the sine signal and step signal was 0.0027mm and 0.0004mm, respectively, while for the PID controller the values were 0.0030mm and 0.0009mm, respectively. This proves that the composite PID controller shows higher control precision than PID.
Experiment verification
To experimentally test the controller the same experimental rig (figure 7) used in the rest of the paper was again used and the control block diagram was as shown in figure 13 . The control parameters of the PID and composite PID controllers were adjusted and their optimum values were determined to be; proportion equal to 30, integral equal to 30, and derivative equal to 0. The tunable parameter of the inverse scheme, K, was set 10. The experimental results for the sine input signal are shown in figure 16(a) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t figure 16 and 17, the experimental results also show the enhanced perfromance of the composite PID controller when compared to the traditional PID controller. Using (8) , e mean of the composite PID when tracking a sine signal and a step signal were found to be 0.0517mm and 0.0326mm respectively. For the basic PID controller e mean was found to be 0.0934mm and 0.1029mm for the sine and step inputs respectively. This proves that the composite PID achieves greater control precision than basic PID. Thus based on an accurate hysteresis model an I-I compensator possesses prediction abilities, namely, it can predict the future movement of the system. However, it was found that for the composite PID tracking a sine signal the controller was less effective than when tracking a step signal. This means that the I-I compensator is suitable to compensate a low frequency signal, due to the static characteristic of the hysteresis.
Conclusion
Fishing line and SMA artificial muscle actuators have many advantages, such as low cost, and low weight. However, they also possess many disadvantages, such as low strength, complexity in driving them, low percentage contraction, and high level of hysteresis. In this research, a novel artificial actuator is presented. The SMA-fishing-line actuator proposed in this paper, is made of fishing line and SMA twisted then coiled together. Due to the inherent electrical heating characteristic of the SMA, it can be driven directly by voltage (basic fishing line actuators need to be heated by an external source) which is convenient for control. The stroke of the SMA-fishing-line actuator is improved by a factor of nearly two when compared with SMA actuators. Additionally the output force of the SMA-fishing-line actuator has been shown to be higher than a basic fishing line actuator.
An antagonistic bionic joint driven by SMA-fishing-lines has been designed, and based on a flexible hysteresis modeling method, EUPI model, its hysteresis model was established. A Joule heat model of the SMA-fishing-line actuator was established, and the maximum error was determined to be 0.510mm. Based on this accurate hysteresis model a composite PID controller has been designed, which consists of PID and an I-I compensator. The effectiveness of the controller has been determined both practically and in simulation. In both cases the composite PID was shown to provide higher control precision than a conventional PID controller thus composite PID is more suitable for implementation in a SMA-fishing-line driven antagonistic bionic joint. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
